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Abstract

This report examines the strength of young and early age concrete that has

been systematically exposed to horizontal, sinusoidal vibrations with varying

vibration parameters. Specimens were subjected to vibrations of predefined

vibration times (4–14 h) and the compressive strength was determined after a

period of 28 days. It was found that the different parameters have no critical

influence on compressive strength and that vibration prior to initial setting of

the concrete can increase its strength. Additional information to examine the

reasons for this increase was obtained by further investigations (nuclear mag-

netic resonance, x-ray diffraction, and thermogravimetric analysis).
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1 | INTRODUCTION

There have been many research projects in the past that
have investigated the influence of vibrations on young
concrete. However, their effect on concrete strength has to
date not been conclusively examined. One reason for this
is that vibrations occur over a wide range of intensities,
durations, and excitation frequencies. They can be power-
ful short-term vibrations of the kind caused by blasts, or
constant and low-intensity vibrations resulting from road
traffic. Moreover, concrete can have a range of composi-
tions that influence its setting and hardening behavior.

Generally, revibration of fresh concrete leads to
increased strengths1–3 while the positive effect of postcom-
paction reaches its maximum in the induction period of the
concrete and diminishes afterwards.1,3,4 It is usually
assumed that the critical period for potential damage is after

the concrete has set, when it is no longer able to withstand
the vibrations by virtue of its (semi)fluid nature, but before
sufficient strength has been built up to withstand the vibra-
tions. At this stage vibrations generate dynamic stresses,
which can impact young and vulnerable concrete and dam-
age the microstructure of the hardening cement stone,
resulting in cracking. Hence, the focus of this research pro-
ject is to investigate possible strength reductions at this age.

2 | BACKGROUND

For more than a century, scientists have been investigating
the influence of vibrations on young and early-age concrete.
Some of the first studies were conducted in 1918 by Scheidt
et al.,5 in which vibrations were either simulated by a drop-
ping of a table in a predefined manner or applied by a vibrat-
ing table or an engine imbalance. During World War II,
experiments were carried out in which young concrete was
subjected to vibrations from the firing of anti-aircraft guns,
among other things.6 In other studies, vibrations were applied
in laboratory settings using vibrating tables, hydraulic

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along
with the authors’ closure, if any, approximately nine months after the
print publication.

Received: 15 June 2022 Revised: 22 December 2022 Accepted: 23 December 2022

DOI: 10.1002/suco.202200592

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2023 The Authors. Structural Concrete published by John Wiley & Sons Ltd on behalf of International Federation for Structural Concrete.

Structural Concrete. 2023;24:6505–6519. wileyonlinelibrary.com/journal/suco 6505

https://orcid.org/0000-0003-1998-5770
https://orcid.org/0000-0002-6921-5443
https://orcid.org/0000-0003-0528-5634
https://orcid.org/0000-0002-2002-2026
mailto:f.basler@fh-muenster.de
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/suco


actuators, or a hammer or pendulum. Furthermore, many
research projects have investigated the effect of really occur-
ring vibrations induced by road traffic, pile driving, or
blasting.

These studies can be divided into laboratory experi-
ments and field investigations. One problem of field
investigations is that their results are often not fully com-
parable, since the specimens are generally not subjected
to the same curing conditions. Furthermore, conclusions
can generally only be drawn for certain types of vibra-
tion. Hence, to date, there has been no systematic investi-
gation that might lead to a generally valid statement.

A short compilation of common building vibrations is
given in Table 1. A range of typical vibration parameters
was available only for blasting and general construction
vibrations, for other types of vibrations no general data
could be found, so the vibrations are characterized on the
basis of individual measurements. Due to the fact that
these particular measurements were determined at a cer-
tain distance from the vibration source, higher vibration
velocities may probably occur at a smaller distances.
Moreover, the transmission mediums (e.g., soil proper-
ties) were influencing the measured magnitudes as well.
Furthermore, by providing a frequency spectrum, the
specification of predominant frequencies (e.g., 32 Hz in a

case of pile driving by vibration) is omitted. Therefore,
the references must be consulted for details.

An extensive summary of previous investigations and
a compilation of different definitions of hardening con-
crete from fresh to hardened concrete, which is used like-
wise in this publication, is given in Ref. 20 The
conclusion of Ansell and Silfwerbrand20 is that the criti-
cal time for early-age and young concrete is generally
after 3–14 h. The investigations described there are dis-
tinguished by vibration sources and types hence different
vibrations can have varying characteristics.

Vibrations are generally classified as either periodic or
nonperiodic. Nonperiodic vibrations are further subdi-
vided into impulse loadings, such as explosions, and arbi-
trary loadings, for example, earthquakes. In contrast,
periodic vibrations are caused by loadings that repeat at
regular intervals. These include both harmonic (sinusoi-
dal) oscillations and arbitrary periodic vibrations.21

This research focuses on periodic vibrations. A short
survey of previous studies of the influence of periodic
vibrations on young and early-age concrete is presented
in the following, whereby only the latest publications—in
English—of each author (or group of authors) are consid-
ered. As this publication focuses on the impact on com-
pressive strength after 28 days, only this is presented,

TABLE 1 Vibration parameters of construction vibrations.

Vibration type Frequency (Hz) Displacement (mm) Velocity (mm/s) Acceleration (m/s2)

Typical vibration parameters

Blasting7 0.1–200 2.5 � 10�4–2,5 2.5 � 10�4–500 1 � 10�3–1

Construction8 0.5–200 1 � 10�4–10 1 � 10�4–1000 1 � 10�2–100

Range of exemplary vibrations—pile driving

Driving by impact8–11 0–100 N/A 0–150 N/A

Pile driving by vibration8–10,12,13 0–100 N/A 0–30 N/A

Range of exemplary vibrations—traffic

Rail traffic9,10 0–100 N/A 0–1.3 NA

Road traffic8,9,14–17 0–40 0–1 0–23 0–0.4

Range of exemplary vibrations – demolition work

Falling masses8,9 0–48 N/A 0–40 N/A

Pavement breaker17 10–30 N/A 0–15 0–1.5

Jackhammer17 40–90 N/A N/A 0–0.3

Range of exemplary vibrations—compaction work

Vibratory roller8,17 20–30 N/A 0–80 0–0.7

Vibro-plate compactor17 40–90 N/A N/A 0–0.3

Vibroflotation8 N/A N/A 0–10 N/A

Dynamic compaction8,18 0–35 N/A 0–100 N/A

Range of exemplary vibrations—tunneling

Tunnel boring machine8,19 15–50 N/A 0–7 N/A
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even though some authors have examined impacts after
different loading times (e.g., 7 days) or different concrete
characteristics (e.g., bond strength).

Harsh and Darwin22 investigated the influence of
vibrations on young and early-age concrete by simulating
traffic-induced vibrations. So-called “repair concrete” for
a laboratory bridge was set in sinusoidal vibration at a
frequency of 4 Hz and an amplitude of 0.5 mm by means
of a servo-hydraulic actuator. Vibration began 10 min
after pouring and continued for a period of 30 h. In addi-
tion to this sinusoidal vibration, a single short-term peak
excitation with a static amplitude of 13 mm and a fre-
quency of 0.5 Hz was applied every 4 min to simulate
truck traffic. This study showed that vibrated concrete
with a lower slump built up higher strength, which was
explained by a resulting additional consolidation,
whereas vibrated concrete with a higher slump developed
lower strength, probably due to segregation.

The experiment conducted by Hulzhizer23 consisted
of field tests in which young and early-age concrete was
vibrated by blasts, as well as a laboratory test program
using a vibrating table. The laboratory tests were con-
ceived to simulate blasts, with vibrations applied
5 ± 0.5 s, in line with the minimum vibration duration of
the vibrating table. The concrete cylinders were vibrated
either 3, 6, 12, or 24 h after casting at frequencies of
either 50, 100, or 150 Hz. The peak particle velocity was
between 25.4 and 406.4 mm/s. Irrespective of the applied
vibration or time point of excitation, there were both
increases and decreases in strength, such that no clear
trend could be identified.

Dunham et al.24 aimed to identify the influence of vibra-
tions on young concrete during the setting process. For this
purpose, concrete cylinders were vibrated before the initial
set (after 2 h), during setting (after 3.5 h) or after the final
set (after 4.5, 5, or 6 h) using a vibrating table operating at a
frequency of 60 Hz. The duration was either 1 or 2 min,
and two different vibration levels (50–100 or 200–300 mm/
s) were applied to simulate vibratory soil compactors. The
study found that this type of vibration serves to increase
and not decrease the compressive strength of the concrete.
No trend was observed by varying the vibration parameters
(velocity, duration, and point of time).

Tawfiq et al.13 simulated the dynamic effect of pile
driving by applying continuous vibration from a vibrating
table to young and early-age concrete cylinders. In the
first test group, vibration was applied directly after mix-
ing for 21 h (until the final setting time), while in the sec-
ond group, it was applied from the initial set (14 h
42 min) to the final setting time (20 h 35 min). The vibra-
tion frequency was not specified, and the velocity was
either �25, 51, 76, or 229 mm/s. The outcome was that
samples vibrated continuously after mixing had equal or

greater compressive strengths, while specimens vibrated
from �15 to 21 h had slightly lower strength than nonvi-
brated specimens. The authors of this publication did not
mention whether a regular vibration was conducted
directly after pouring, such that the increase in compres-
sive strength could be explained as an effect of “normal”
vibration and not necessarily of an applied (re-)vibration.

Siwula et al.11 applied vertical vibrations to cylinders
for 15 min using a hydraulic actuator. The frequency was
20 Hz and the velocity �13, 51, 127, 254, 381, or
508 mm/s respectively. The vibration was applied either
in the first 4–6, 12–14, 24–26, or 72–74 h. The vibrations
generally reduced the compressive strength, but in some
cases there were also increases. Due to the independency
of the strength difference and vibration velocity or time
there was also no conclusion found.

Freyne and Watkins25 investigated the influence of
vibration between initial and final set. Concrete cylinders
were subjected to vibration on a vibrating table at various
intensities and durations and at different ages. The veloc-
ities were either 13, 25, 38, or 50 mm/s, the duration was
10, 20 or 30 min, and the vibration was applied after 2, 4
or 6 h. Two different coarse aggregates (limestone and
river gravel) were used. As in the other studies, both posi-
tive and negative strength differences were noted, irre-
spective of the vibration parameters, and there was no
conclusive outcome.

Hong and Park16 applied vibrations to fresh, early-age
and young concrete for 3, 6, 9, 12, or 24 h using a hydrau-
lic actuator. The vibrations applied in the laboratory had a
frequency of 5 Hz and velocities of 3, 4.5, 6, or 10 mm/s,
so as to simulate vehicle-induced vibrations during bridge
widening. Due to the immediate occurrence of traffic in
bridge widening, the vibration was applied directly after
concreting in the laboratory studies. This research project
found that peak particle velocities of 10 mm/s can
decrease compressive strength by up to 25%, which might
be caused by segregation. Velocities of 3 and 4.5 mm/s
generally neither affected nor increased the compressive
strength, whereas at a particle velocity of 6 mm/s both
increases and decreases in strength were observed. The
duration of the vibration seems to matter only marginally.

Table 2 summarizes the various studies described
above. The literature is arranged by peak particle veloc-
ity, with the declared increases or decreases in strength
added (“ca.” indicates that the values were taken from
diagrams/graphs). A comparison of these publications is
rather difficult due to the different testing methods
applied. However, there is a slight tendency suggesting
that an interaction at early vibration times with a combi-
nation of higher frequencies and higher velocities
increase the compressive strength but otherwise there is
no trend observable.
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3 | EXPERIMENTAL
INVESTIGATIONS

3.1 | Scope

The aim of this research project was to determine the
impact of individual (e.g., frequency only) and combined
vibration parameters on young concrete. Due to the exist-
ing mathematical correlations between sinusoidal vibra-
tion parameters (see Section 3.3) all vibrations applied
were harmonic. The project focused solely on compres-
sive strength since this is the most relevant parameter in
concrete design.

3.2 | Concrete

3.2.1 | Cement

The concrete was made from normal hardening Portland
cement (CEM I 42.5 N according to DIN EN 197-126) with
an arithmetic mean compressive strength of 52.3 MPa
after 28 days, which was determined according to DIN
EN 196-1.27 The clinker phase fraction of the Portland
cement consisted of:

• 67.1 wt.% tricalcium silicate (C3S)
• 7.4 wt.% dicalcium silicate (C2S)
• 12.8 wt.% tricalcium aluminate (C3A) and
• 3.8 wt.% tetracalcium aluminoferrite (C4AF)

The setting times of the cement were determined
according to DIN EN 196-328 as 2 h 40 min (initial setting
time) and 3 h 35 min (final setting time). These times dif-
fer in part from the setting time of the concrete due to
the lower water/cement ratio of the cement paste

(w/c = 0.27) and the absence of aggregate, which reduces
the relative hydration heat. The Blaine fineness of the
cement determined according to DIN EN 196-629 was
2790 cm2/g.

3.2.2 | Concrete mixture

In order to avoid interactions with concrete admixtures
and/or concrete additives, no concrete admixtures or
additives were used. The concrete was made with a
water/cement ratio of 0.50. The aggregate consisted of
quartz sand and quartz gravel. The grain size distribution
was selected according to the regular grading curve B16
in DIN 1045-230 (Figure 1).

The aggregate mass was estimated from the calcu-
lated material volumes, as follows:

TABLE 2 Recent publications relating to harmonic vibration tests conducted on young and early-age concrete.11,13,16,22–25

Author(s)
Vibration
generator

Vibration
time (h)

Frequency
(Hz)

Velocity
(mm/s)

Strength
decrease (%)

Strength
increase (%)

Hong and Park Hydraulic
actuator

0–24 5 3–10 �24.8 + 20.3

Harsh and
Darwin

Hydraulic
actuator

0.17–30.17 0.5–4 13–36 �7.7 + 4.1

Freyne and
Watkins

Vibrating table 2–6 N/A 13–50 �5.8 + 4.9

Tawfiq et al. Vibrating table 0–21 N/A 25–229 ca.�9 ca. +10

Dunham et al. Vibrating table 2–6 60 50–300 N/A +13

Hulzhizer Vibrating table 3–24 50–150 25–406 ca. �6.5 ca. +15

Siwula et al. Hydraulic
actuator

4–72 20 13–508 ca. �10 ca. +6%

FIGURE 1 Concrete grading curve
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• 1713.5 kg/m3 aggregate
• 411.4 kg/m3 cement
• 205.7 kg/m3 water

3.2.3 | Concrete properties

Flow was measured according to DIN EN 12350-531 and
slump according to DIN EN 12350-2,32 resulting in aver-
age flow values of 450 mm and slump values of 40 mm.
Furthermore, concrete setting was determined according
to DIN EN 480–2,33 resulting in an initial setting time
between 4 h 10 min and 4 h 20 min and a final setting
time between 4 h 50 min and 5 h 10 min.

The hydration progression was determined simply by
measuring the hydration heat. The concrete temperature
was measured during initial hydration at the center of a
concrete cube (Figure 2), which was stored under the
same conditions as the specimens in the subsequent
experiments (Section 3.4).

Note that Figure 2 shows the actual temperature of
the concrete (�C) in a semiadiabatic measurement and
not the heat evolution rate (g/[h�K]). Isothermal or adia-
batic measurement of the hydration heat (for example
with a hydration heat calorimeter) would falsify the heat
development of the concrete cubes due to the influence
of temperature on the chemical processes. This method
therefore best represents the actual temperature affecting
all used specimens.

The vibration time points of 4, 6, 8, 10, 12, and 14 h
after adding water to the dry concrete mixture were
selected in accordance with Figure 2 and the evaluation
by Ansell and Silfwerbrand.20 So, the first vibration time
is closely related to the initial set of the concrete, while
most of the vibration times are within the acceleration
period of the cement, during which the chemical reac-
tions progress rapidly, and the final two times are already

during the deceleration period of the cement, which is
associated with a regression of the chemical reaction
rate.34 The compressive strengths of the concrete cubes
were tested for the selected vibration time points accord-
ing to DIN EN 12390-335 to get an impression of the con-
crete strength at these times. Table 3 shows the results:

After 28 days, the concrete cubes without vibrations
had a compressive strength of 47.8–53.9 MPa and an
arithmetic mean value of 50.9 MPa.

3.3 | Test setup

Horizontal vibrations were applied to the young and
early-age concrete by an LDS V721 series shaker
(V721 M8-CE) of Brüel & Kjær, controlled by a linear
power amplifier (PA1000L) in connection with a field
power supply (FPS10L). An overview of the test setup is
depicted in Figure 3. Further information about the test
setup is in Figure S1.

Acceleration was measured using piezoelectric CCLD
accelerometers (Type 4507 B002) made by Brüel & Kjær.
The acceleration data were exported via two front ends
through a switch to the software “BK Connect.” Because
the experimental design did not include a vibration con-
troller, the frequency was fixed and the vibration magni-
tude was adjusted indirectly by measuring the
acceleration. By virtue of the sinusoidal vibrations, the
individual vibration parameters could be calculated for a
constant location and varying time as follows8:

u tð Þ¼U � sin ω � tþ const:ð Þ ð1Þ

_u tð Þ¼U �ω � cos ω � tþ const:ð Þ ð2Þ

€u tð Þ¼�U �ω2 � sin ω � tþ const:ð Þ ð3Þ

with u tð Þ, displacement (m); _u tð Þ, velocity (m/s); €u tð Þ,
acceleration (m/s2); U , amplitude (m); ω, circular natural
frequency (1/s).

Since only the maximum values are relevant, and the
difference between sine and cosine is merely an angular
phase shift, the trigonometric functions can be omitted.
Thus, ω¼ 2 π f leads to the following equations:

v¼ _umax ¼U �ω¼U �2 π f ð4Þ

a¼ €umax ¼U �ω2 ¼U �4 π2 f 2 ð5Þ

with f , frequency (Hz).
Hence, if one vibration parameter increases, every

parameter will increase as a function of each other.

FIGURE 2 Development of concrete temperature over the

first 24 h.
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TABLE 3 Compressive strength of

concrete (MPa) at different vibration

time points.

Point in time 4 h 6 h 8 h 10 h 12 h 14 h

Single values 0.08 0.15 0.42 0.82 1.77 3.33

0.08 0.15 0.45 0.79 1.77 3.54

Arithmetic mean values 0.08 0.15 0.44 0.81 1.77 3.44

FIGURE 3 Test setup

(schematic drawing and

photograph of the assembled

experimental setup)

TABLE 4 Vibration parameters of the testing scope.

Experimental series
number

Frequency
(Hz)

Displacement
(mm)

Velocity
(mm/s)

Acceleration
(m/s2)

Variance
(%)

Experimental series No. 0: specimens without vibration

0 0 0 0 0 0

Experimental series No. 1: specimens with constant frequency

1–1 20 0.10 12.5 1.57 +10

1–2 20 0.14 17.7 2.22 +5

1–3 20 0.40 50 6.28 +4

1–4 20 1.13 141.4 17.77 +4

1–5 20 1.59 200 25.13 +3

Experimental series No. 2: specimens with constant displacement

2–1 7.07 0.40 17.7 0.8 +10

2–2 10 0.40 25 1.57 +11

2–3 (=1–3) 20 0.40 50 6.28 +4

2–4 40 0.40 100 25.13 +3

2–5 56.57 0.40 141.4 50.27 +1

Experimental series No. 3: specimens with constant velocity

3–1 5 1.59 50 1.57 +10

3–2 7.07 1.13 50 2.22 +9

3–3 (=1–3) 20 0.40 50 6.28 +4

3–4 56.57 0.14 50 17.77 +2

3–5 80 0.10 50 25.13 +2

Experimental series No. 4: specimens with constant acceleration

4–1 7.07 3.18 141.4 6.28 +7

4–2 10 1.59 100 6.28 +7

4–3 (=1–3) 20 0.40 50 6.28 +4

4–4 40 0.10 25 6.28 +5

4–5 56.57 0.05 17.7 6.28 +6
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Owing to these individual dependencies, the applied
vibration parameters were selected to exclude the influ-
ence of individual values (Table 4). So, every third part of
a testing series is the same and was only made once. This
test series is mentioned within each experimental series
since the respective vibration parameters were varied
upwards and downwards based on this value.

These parameters result in the most relevant vibra-
tion intensities in engineering practice, especially for lon-
ger periodic vibrations with smaller magnitudes
(cf. Table 1). Hence, 5 min were chosen as the duration
representing a continuous vibration. The study thus con-
siders long and steady vibrations of lower intensities such
as pile driving or traffic vibrations rather than short
impact excitations such as blasting.

Since frequency was the only parameter that could
be fixed in the test setting, acceleration was regulated
manually. The variation of this acceleration (Table 4)
was determined in the middle of the longitudinal
direction, as this represents approximately the mean
value of this direction. Here, the variation could only
be determined by the maximum value of each oscilla-
tion. However, since approximately the intended
acceleration has been set, it is assumed that the
downward variation is as great as the upward varia-
tion. Generally, the higher the acceleration was, the
more accurately it could be set. In addition to the lon-
gitudinal, horizontal transverse and vertical accelera-
tions were also measured. The locations of the
accelerometers are shown in Figure S1. Figure 4

shows an extract of the applied vibration of the exper-
imental test series 2–5 with an acceleration of
ca. 50 m/s2.

The main outcome is that there is a distinct sine wave
in the direction of excitation and the vibration in the sec-
ondary directions (horizontal and vertical) is also peri-
odic, but not harmonic. Generally, the acceleration in the
secondary directions of every experimental test series
constituted less than 10% of the acceleration in the
excited direction. This indicates that the impacting accel-
eration is approximately equal to the longitudinal vibra-
tion and the accelerations in other directions are
negligibly low.

3.4 | Procedure

Concrete cubes with an edge length of 15 cm were used
in these experiments. Two series of 14 specimens were
made for each of the 18 different experimental series
(cf. Table 4), which differ by the loading direction. This
results in a total of 504 specimens.

After the water was added to the dry concrete mix,
the concrete was mixed for 2 min by a compulsory mixer.
The molds were then filled randomly from the same
batch of concrete and compacted for 30 s by a vibrating
table. They were then transported into an air-conditioned
room with a temperature of 20�C ± 2�C and a relative
humidity of 60% ± 10%, where they were stored and sub-
jected to vibration by the shaker. It had been determined

FIGURE 4 Accelerations in

the various orthogonal

directions.
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in previous investigations that this transport of the fresh
concrete does not affect its strength.

After 4, 6, 8, 10, 12, and 14 h, two concrete samples
were subjected to the predefined horizontal sinusoidal
vibrations (Table 4). One cube was vibrated shortly before
the selected time and the other one immediately thereaf-
ter. To do this, the molds were placed into the steel frame
of the test setup and fixed by two screws with a torque of
2 Nm in the direction of the applied vibration, such that
each mold containing concrete was vibrated in the exact
same position. Two concrete samples per day were not
subjected to revibration; these were used as a reference.

On the following day, the samples were retracted and
stored in the same air-conditioned room for 27 days in
water. After a total of 28 days, the cubes were tested
according to DIN EN 12390-3.35 The first specimen series
was loaded in the direction of the vibration and the sec-
ond transversely to it.

The total vibration duration was �6 min and com-
prised three phases. At first, the vibration was applied
and increased for about 30 s from zero until it reached
the intended vibration level. This level was maintained
for 5 min, and thereafter the vibration was decreased
gradually over 10–30 s, depending on the acceleration
magnitude.

During vibrations after 4 h with higher accelerations
and velocities, the concrete at the edges transverse to the
direction of the vibration appeared to liquefy (Figure 5,
left). The only other time that this happened was for
vibration of �50 m/s2 after 6 h. At the vibration time of
4 h with experiment series 1–5 and 2–5 (maximum
applied acceleration and velocity), a plastic cover was
attached to the top of the cube during the vibration to
keep the re-liquefied concrete inside the mold.

This was also apparent from the external appearance
of the concrete specimens. The area where the concrete
was liquefied had a darker discoloration (Figure 5, right).
It is also evident that the concrete structure had changed
due to the different directions of vibration (the yellow
arrows on the top of the cube show the direction of vibra-
tion). At maximum acceleration and a vibration time of

4 h, the entire concrete cube began to liquefy, after which
no layers could be detected within the concrete.

3.5 | Results

The full results of the experiments are given in Table S1.
The relative compressive strength (RCS) was calculated
by dividing the individual values by the arithmetic means
of the respective two reference samples:

RCS¼ f c,i
f c,R1,iþ f c,R2,i
� �

=2
�100 ð6Þ

As each mold was labeled with a fixed time, it could be
seen over the course of the experiments that concrete
cubes from specific molds were consistently of lower
strength. This was verified by testing the concrete
strengths of nonvibrated specimens (experimental series
number 0). A possible reason was found to be the slight
alteration of the mold geometry. Thus, the RCS of all
vibrated specimens was additionally adjusted by the RCS
of each mold with no vibration in the further analysis as
follows:

RCSadjusted ¼RCS � f c,mold,R1þf c,mold,R2

� �
=2

f c,mold,i ð7Þ

Figure 6 shows all individual adjusted compressive
strength values. The thresholds shown are equal to the
maximum variance of the reference specimens, and the
two curves represent the arithmetic means of all speci-
mens tested in the shown direction.

Here it can be seen that a vibration generated after
4 h can raise the compressive strength of the concrete,
while a vibration at a later age does not significantly
affect the concrete strength. Generally, lower displace-
ments and frequencies decrease the concrete strength,
but there is no statistical correlation. The two

FIGURE 5 Vibration-

induced liquefaction and visible

differing texture/color following

the vibration.
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measurements above the threshold after 6 h were gener-
ated by the maximum acceleration (ca. 50 m/s2), with
loading transverse to the direction of the applied
vibration.

The direction of vibration after 4 h generally affects
the increase in compressive strength. In Table 5, the
results of a statistical analysis are shown. Due to the
interdependence between the displacement, velocity, and
acceleration no further combination of variables was
considered here.

The p-value is defined as the probability—under the
condition that the null hypothesis (H0: there are no
strength changes) is true—of obtaining the observed
value of the test variable. Since the p-value is an auxiliary
variable from a hypothetical statistical model, it cannot
be directly related to the real values. However, the smal-
ler the p-value, the greater the incompatibility between

the measured values and the null hypothesis, so that the
null hypothesis must be rejected.

In summary, there is a significant impact of all vari-
ables except the displacement alone. This indicates that
the intensity of the vibration—including each vibration
parameter—influences the strength increases and it can-
not be reduced to one single parameter. Furthermore, it
was verified that the compressive strength of the concrete
increases with rising vibration parameters.

For all values of specimens vibrated after 4 h and the
values of specimens, which were loaded in the direction
of the vibration, the lowest p-value exists for the charac-
terization by frequency and displacement. For compres-
sive strength of specimens vibrated after 4 h and loaded
transversely to the direction of the vibration the lowest p-
values exist for acceleration only as well as the combina-
tion of frequency and velocity. The best statistical fit is
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TABLE 5 The p-values of different combinations.

Variables
4 h, loading transverse to the direction of
vibration 4 h, loading in direction of vibration 4 h, all values

Frequency (f ) 1.1 � 10�6 6.7 � 10�4 1.8 � 10�4

Amplitude (U) 0.27 0.09 0.21

Velocity (v) 6.1 � 10�8 1.6 � 10�3 1.1 � 10�4

Acceleration (a) 2.2 � 10�16 1.3 � 10�3 8.4 � 10�7

f + U 4.4 � 10�13 1.3 � 10�8 2.1 � 10�8

f + v 2.2 � 10�16 3.8 � 10�6 2.4 � 10�8

f + a 4.6 � 10�16 1.0 � 10�3 3.0 � 10�6

Note: The bold values indicate the lowest p-values of each data set.
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the latter due to a higher R2 (for a: R2 = 0.66; for f + v:
R2 = 0.69). The best fit for each vibration direction with a
mathematical expression of the regression plane is pre-
sented in Figure 7.

3.6 | Further examinations

3.6.1 | Preface

The reasons for the increase in compressive strength
could be either mechanical or chemical or a combination
of both. The concrete structure can be mechanically
strengthened by postdensification, which results in less
pore structure. This increase can also be explained chem-
ically as the result of a higher degree of hydration or the
formation of longer and more stable C S H phases. The
following possible explanations are dependent on the end
of the induction period of the cement, which has not yet
been fully clarified36:

• Cement clinker grains could be rubbing against each
other or cracking, resulting in an enlarged cement sur-
face and the activation of otherwise nonhydrated
cement clinker.

• The first hydration products, which may disturb the
further reaction of the C3S, become separated, allowing
the hydration of tricalcium silicate to progress faster.
The dissolved hydration products may also serve as a

crystallization nucleus—similar to the seeding effect of
additional C S H in hydrating cement37—and thus
quicken the chemical reaction.

• More ions might be dissolved into the solution
enabling the hydration to progress faster. This might
be explained by two effects:
� mixing—comparable with stirring sugar in a hot

drink
� destruction of the electronic double layer and disso-

lution of more ions

To discover the cause of these increases further chem-
ical and physical analysis was conducted. For this pur-
pose, two concrete cubes were made, one was used as a
reference sample and the other was subjected to the max-
imum acceleration of �50 m/s2 after 4 h (due to maxi-
mum strength increases). These additional specimens
were manufactured and stored under the same condi-
tions as the other concrete cubes. After 28 days, one sam-
ple each was taken from the upper (4 h, top) and lower
third (4 h, bottom) of the vibrated concrete cube, and one
reference sample was extracted from the middle of the
reference cube. These specimens were then dried in a
vacuum dryer at 40�C and 70 mbar for 7 days to prevent
further hydration. They were transported under vacuum
from Münster to Munich for subsequent examinations.
The aim of this procedure was to reduce the affectation
of these specimens by humidity (and consequential fur-
ther hydration) or CO2 (and the altering of hydration
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products) to an absolute minimum. In Munich, these
specimens were ground and stored airtight until the
examinations. The following three investigations were
carried out once on each sample.

3.6.2 | Thermogravimetric analysis

Figure 8 shows the results of the thermogravimetric anal-
ysis (TGA). It is evident that the reference sample loses
more weight (in total 0.5 wt.% at 1100�C). This difference
in mass loss is due to the partial decomposition of
C S H, ettringite and gypsum at 50�C–150�C as well as
a slightly higher amount of decomposed Ca(OH)2 at
�400�C–450�C. At other temperatures, the graphical pro-
gressions are very similar. This indicates that there are
no major differences between the hydration products of
the samples and the reference might even have a higher
degree of hydration.

3.6.3 | X-ray diffraction

In addition to TGA, X-ray diffraction (XRD) was also per-
formed. The results of the Rietveld refinement are given
in Table 6. They show that the amount of nonhydrated
clinker phases is almost comparable. There is a larger
amount of Ca(OH)2 and calcite (reaction product of CH
and CO2) in the reference sample, which fits to the result
of the TGA. The amount of ettringite is always <0.2 wt.%
due to the sample preparation with the vacuum dryer.

Furthermore, there is comparable amount of aggregate
(quartz and microcline) in all samples.

In conclusion, there are minor differences between
the samples, but no clear trend can be identified. This
indicates that there is no evidence of further hydration of
the vibrated samples. This result is in line with the find-
ings of the TGA. Moreover, examination of a comparable
quantity of aggregate shows that no segregation occurred
as a result of the vibration treatment.

3.6.4 | Nuclear magnetic resonance

29Si magic angle spinning nuclear magnetic resonance (29Si
MAS NMR) was performed to obtain further insights into
the amorphous silicate phases. The NMR spectra (Figure 9)
show largely similar trends for all specimens. This means
that there is a comparable amount of nonhydrated clinker
(Q0 from�68 to �73 ppm), although there may also be lon-
ger C S H phases in the vibrated concrete, shown by a
slightly different ratio between dimers (Q1 at �79 ppm) and
trimers (Q2 at �82 and � 85 ppm). Furthermore, analysis
of the NMR shows that slightly more C3S was hydrated in
the reference sample, which contradicts the XRD results.
This indicates that the differences between the specimens
are marginal that it can be assumed that the proportion is
roughly identical. So, here there is no evidence of a further
hydration of vibrated specimens, but the C S H phases
formed might be longer in vibrated samples.

One conspicuous feature of the NMR spectrum of the
vibrated sample extracted from the lower part of the
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concrete is the higher resonance of the quartz (Q4 at
�107 ppm), indicating a segregation of the aggregate. As
the measurement parameters were optimized for the
C S H phases, the long relaxation time of quartz was
not considered, which resulted in saturation effects and
the absence of any quantitative information from the
quartz. In this case, XRD is more reliable.

4 | DISCUSSION OF THE TEST
RESULTS

Investigations by Hong and Park16 showed that at the fre-
quency of 5 Hz higher velocities (especially the maxi-
mum velocity of 10 mm/s) lead to a decrease in strength.
In contrast, the present study found no significant
strength reduction at a frequency of 5 Hz, although the
velocity was considerably higher (50 mm/s). This might
be due to the early application of vibration by Hong and
Park and subsequent segregation and/or the interaction
with concrete additives.

The strength increases due to vibration after 4 h
(before the initial setting time) are in line with studies of
concrete revibration in Refs. 1–3 and the work of Dun-
ham et al.24 This is also in line with strength increases
caused by the regular vibratory consolidation of concrete,
where higher accelerations increase the strength up to a
limit depending on the consistency of the fresh con-
crete.38 During vibration, the yield value of fresh concrete
decreases with increasing peak particle velocities,39 and
at low shear rates, the concrete behaves like a Newtonian
fluid.40,41 Inertia then constitutes the main resistance and
Newton's second law of motion can be applied38:

F ¼m �a ð8Þ

This indicates that acceleration plays an important
role in (re-)consolidation. However, the question of
whether acceleration38 or peak particle velocity39,40 is the
main parameter influencing the effectivity of consolida-
tion is still disputed. The present investigation shows that
the direction of vibration also appears to influence the
strength increases. So, in one direction, the acceleration
as well as the combination of frequency and velocity are
dominant, while in the other direction, the influence of
velocity and acceleration are roughly equivalent, and the
total intensity of the vibration (expressed by amplitude
and frequency) is decisive (cf. Table 5). This is also evi-
denced by the external appearance of the concrete speci-
mens, in which a more distinct structural change takes
place in the direction of the vibration. However, the
results of this study demonstrate that the effect of post-
compaction cannot be reduced to just one parameter.T

A
B
L
E

6
X
-r
ay

di
ff
ra
ct
io
n
re
su
lt
s
(w

t.%
)

A
m
or
p
h
ou

s
co

n
te
n
t

C
3S

β-
C
2S

C
3A

C
4A

F
C
aC

O
3

C
aS

O
4

C
H

M
on

oc
ar
bo

n
at
e

Q
u
ar
tz

M
ic
ro
cl
in
e
in
te
rm

ed
ia
te

E
tt
ri
n
gi
te

R
ef
er
en

ce
11
.9
9

2.
22

0.
28

0.
51

0.
72

0.
73

0,
32

3.
06

1.
72

74
.0
2

4,
28

<
0.
2

4
h
,t
op

11
.4
2

2.
01

0.
45

0.
54

0.
76

0.
56

0.
44

2.
66

1.
66

75
.7
9

3.
63

<
0.
2

4
h
,b

ot
to
m

12
.9
5

1.
81

0.
61

0.
58

0.
51

0.
60

0.
49

2.
56

1.
66

74
.5
9

3.
63

<
0.
2

6516 BASLER ET AL.



Since further investigations found no clear trend
towards a higher degree of hydration of vibrated sam-
ples, the strength increase is probably due to mechani-
cal postcompaction. The slight tendency towards
longer C S H chains may also contribute to a strength
increase. Due to the large amount of aggregate in the
samples (about 80 wt.%), no significant changes in the
cement paste could be determined with the applied
analytical methods to prove the effect of vibration on
the hydration reaction. Further investigation will
necessitate developing a special sample preparation to
enrich the binder content.

5 | CONCLUSIONS

These investigations show that vibration may have a posi-
tive effect on the compressive strength of concrete gener-
ated by applying higher vibration parameters to young
concrete before the initial set. These strength increases are
probably due to a mechanical postdensification. Reduced
compressive strengths were largely generated at lower fre-
quencies and displacements but its magnitude is negligible.

It should be mentioned that only one concrete mixture
was tested in the experiments, which means that the results
are not directly applicable to other concrete mixtures—
especially in the case of cement being used with different
reacting components (e.g., fly ash or blast-furnace slag).
Furthermore, tensile strength may be affected more by
vibrations due to its sensibility of cracks which may arise

through vibrations. This is also acknowledged in other pub-
lications, in which the compressive strength was not or was
only slightly negatively affected, but the tensile strength
was significantly reduced.42–44 A similar result was found
by Dunham et al.,24 in which the compressive strength of
the concrete increased although the tensile splitting
strength decreased slightly. Therefore, there are several
research questions which still require clarification.
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